Abstract. Since optical coherence tomography (OCT) provides three-dimensional high-resolution images of biological tissue, the benefit of polarization contrast in the field of dentistry is highlighted in this study. Polarization-sensitive OCT (PS OCT) with phase-sensitive recording is used for imaging dental and mucosal tissues in the human oral cavity in vivo. An enhanced polarization contrast of oral structures is reached by analyzing the signals of the co-and crosspolarized channels of the swept source PS OCT system quantitatively with respect to reflectivity, retardation, optic axis orientation, and depolarization. The calculation of these polarization parameters enables a high tissue-specific contrast imaging for the detailed physical interpretation of human oral hard and soft tissues. For the proof-of-principle, imaging of composite restorations and mineralization defects at premolars as well as gingival, lingual, and labial oral mucosa was performed in vivo within the anterior oral cavity. The achieved contrast-enhanced results of the investigated human oral tissues by means of polarizationsensitive imaging are evaluated by the comparison with conventional intensity-based OCT. © The Authors.
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Introduction
Various biological tissues change the polarization of light, for which reason tissue polarization properties can be important for the diagnosis of pathological alterations in tendons, bones, cartilages, teeth, and skin. Biological media are often birefringent caused by asymmetrically oriented structures, e.g., collagen fibers and dentinal microtubules, as well as molecular and mineralized compositions in biological tissue. Since polarization imaging is innovative and promising for medical diagnosis of pathologies, technical solutions for clinical in vivo applications are in demand. Because optical coherence tomography (OCT) is a prospective noninvasive imaging technique for three-dimensional high-resolution imaging of subsurface tissue morphology [1] [2] [3] [4] with the possibility of functional imaging by polarization-sensitive OCT (PS OCT), it is attractive for depth-resolved tissue-specific contrast imaging with high speed and sensitivity in vivo. Although conventional intensity-based OCT provides a high spatial resolution in the micrometer range, tissue micro-and nanostructures cannot be resolved optically. By detecting the polarization change of the reflected light with PS OCT, properties of polarization changing microstructures can provide information of early pathological alterations before morphological tissue remodeling occurs in larger scale detectable with intensity-based OCT. 5, 6 Early and also some recent work of PS OCT is based on PS low coherence reflectometry, demonstrated first by Hee et al., 7 and the measurement of the phase retardation between orthogonal linear polarization modes in birefringent samples. 8 Today, this method is referred to as PS OCT with single circular input state, which provides quantitative polarization contrast for all possible optic axis orientations of the sample. 9 Beyond the technical advancements in terms of light sources and fast detection units, PS OCT was evolved by different detection schemes with multiple input states as well as improved data processing. Initially, 7, 8 the reflectivity and retardation of a sample were measured for the determination of birefringence as a function of the depth. By the enhancement of phase-sensitive detection of the interferometric signals in two orthogonal polarization channels, a third important parameter for physical interpretation of a birefringent sample, the orientation of the fast optical axis of the sample, can be determined. [10] [11] [12] An additional relevant parameter, the degree of polarization uniformity (DOPU), is based on averaged Stokes vector elements and proposed for imaging and segmentation of local variations of the polarization state 13,14 also known as depolarization or rather polarization scrambling as an intrinsic tissue property. 15 Equipped with these advancements, PS OCT is increasingly applied for medical diagnosis mainly in ophthalmology 9, [16] [17] [18] followed by dentistry, 19, 20 cardiology, 6, 21, 22 and dermatology [23] [24] [25] with regard to the frequency of publications over the last years. 9 Although PS OCT has successfully shown to provide additional contrast for distinguishing pathological lesions from normal tissues, it has not been used much in the oral cavity. While the measurement of the birefringent behavior of hard dental tissues by PS OCT is already addressed in biomedical research, [26] [27] [28] the polarization properties of oral soft tissue ex vivo and in vivo are investigated only by a few studies, [29] [30] [31] [32] although the presented results show that it is worthwhile for quantitative imaging. Regarding dental PS OCT, most of the research is performed using linear incident light, 19, 20, [33] [34] [35] [36] [37] [38] [39] in consequence of which the fast or slow birefringent axis could align with the linear polarization such that no or reduced birefringence is measured. 40 Although, first work of PS OCT in dentistry has used circular polarized light incidence 26, 41 and considered the phase retardation 27, 42 for imaging the birefringence in tooth structures, the argument for a single linear input state is the suppression of the Fresnel surface reflection in the crosspolarization channel. 35, 36, 43 Based on the simplicity of a single circular input state (requiring only one simultaneous measurement of both orthogonally polarized light spectra per sample location) and the amount of information for physical interpretation of tissues by phasesensitive PS OCT, we propose to image birefringent oral hard and soft tissues with circularly polarized light 44 in combination with the analysis of reflectivity, retardation, optic axis orientation, 12 and depolarization 13, 14 as advanced calculation of polarization contrast in PS OCT today. We show that surface reflections and birefringent behavior in dental hard tissues present no difficulty and-quite the opposite-are advantageous for the detection of early alterations. To the best of our knowledge, the algorithms for optic axis orientation and DOPU 13, 14, 16 in combination with reflectivity and retardation are first used for the in vivo imaging of oral tissue structures with the outcome of an enhanced tissue structure contrast in comparison to conventional intensity-based OCT.
Materials and Methods

Experimental Setup
For the pilot study, we are using an OCT system that provides depth-resolved polarization contrast of samples utilizing an established layout that was initially proposed by Hee et al. 7 and most recently implemented in fiber-based swept source systems. 25 Our setup is based on a modification of a self-built swept source OCT system, which is adapted for polarizationsensitive measurement by a new scanner head with bulk optics and corresponding fiber optics. The schematic of the resulting PS OCT system is shown in Fig. 1 . As shown, the light of the swept laser (Axsun 1310 Swept Source Engine, Axsun Technologies Inc.) with a center wavelength of λ 0 ¼ 1310 nm and a used bandwidth of Δλ ¼ 110 nm is sent to a fiber Bragg grating (FBG) that is applied for A-scan triggering. After a further amplification by a booster optical amplifier (BOA), the light is sent via an optical circulator (OC) to the scanner head with free space optics. There, the light is split into vertical and horizontal linearly polarized lights by a polarization beam splitter (PBS). Only the vertically polarized light is transmitted to the interferometer and split into the reference and sample arms with equal intensities by a polarization-insensitive beam splitter (BS). In the sample arm, the linearly polarized light is transformed into circularly polarized light by a quarter-wave plate (QWP1) with the fast axis orientated at 45 deg relative to the vertical direction. The backscattered light from within the sample passes again QWP1 resulting in an arbitrary elliptical polarization of the sample light in dependence on the birefringence properties of the sample. Without birefringence in the sample, e.g., reflection on a mirror, the light that double passed the QWP1 will be horizontally polarized. In the reference arm, the quarter-wave plate (QWP2) is set to 22.5 deg with respect to the vertical axis to generate a linearly polarized reference beam at 45 deg relative to the incoming beam due to double passing QWP2. After recombining the light of both arms at BS, the interference light is separated into vertically (y-axis) and horizontally (x-axis) polarized signals by a PBS. Since the extinction ratio of the horizontally and vertically polarized lights for the reflected beam amounts only to 100∶1, two additional linear polarizers (LPo) are used in the copolarization channel to suppress the vertically polarized light. The simultaneous detection of both orthogonally polarized interference signals I x ðkÞ (copolarized channel) and I y ðkÞ (crosspolarized channel) is realized by dual-balanced detection to reject common-mode noise and improve the signal-to-noise ratio of the system. To acquire inference signals that are linear in k-space, the clock signal of Fig. 1 Swept source OCT system with polarization-sensitive scanner head. Swept laser with λ 0 ¼ 1310 nm and Δλ ¼ 110 nm. FBG, fiber Bragg grating; PC, polarization controller; BOA, booster optical amplifier; OC, optical circulator; PBS, polarization beam splitter; LPo, linear polarizer; BS, polarizaton-independent beam splitter; QWP1, quarter-wave plate oriented at 45 deg; QWP2, quarter-wave plate oriented at 22.5 deg; RM, reference mirror; GS, galvanometer scanners; BD, balanced detectors; DA, data acquisition card.
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121717-2 December 2017 • Vol. 22 (12) the swept laser is utilized as a sampling trigger of the highspeed digitizer (ATS9360, Alazar Technologies Inc.). The backscattered light of nonbirefringent structures will be detected in the horizontal polarization channel, which is referred to as copolarization channel. 45 In dependency on the amount of birefringence of the sample, a corresponding fraction of light backscattered in and behind birefringent structures will be detected in the crosspolarization channel.
For oral imaging, a set of 1280 × 1280 A-scans was acquired over an area 10 × 10 mm at an A-scan rate of 50 kHz resulting in a B-scan rate of ∼40 fps. The lateral resolution amounts to 15.6 μm. The axial resolution is measured to be 15.1 μm. Data acquisition and image processing are completely controlled using customized LabVIEW™ (National Instruments Inc.) and Fiji 46 software.
Determination of the Polarization Contrast
Since the basics of PS OCT analysis, regarding the principles of light polarization and polarization effects as well as polarization properties of tissue described by the Jones and Stokes formalism, have been summarized most recently in detail by de Boer et al. and Baumann et al., 9, 16 the calculation of the polarization contrast of tissue is described briefly in this section. As shown in Fig. 1 , the interference signal of the copolarized I x ðkÞ and the crosspolarized channel I y ðkÞ are detected by balanced detection units as a function of the wavenumber k. As conventionally done for Fourier domain OCT, the depth-resolved scan (A-scan) is calculated from an inverse Fourier transform of the interference signal with the result of two complex A-scans for both orthogonal polarization states as 
where the parameter z corresponds to the depth coordinate with respect to the position of the reference mirror (cp. RM in Fig. 1 ). 12 For polarization contrast imaging, sample reflectivity RðzÞ, retardation δðzÞ, and sample optic axis orientation θðzÞ are calculated from the amplitudes ½A x∕y ðzÞ and phase information ½φ x∕y ðzÞ.
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The unambiguous measurement ranges are ½0; π∕2 for the retardation δðzÞ and ½−π∕2; π∕2 for the fast birefringent axis orientation θðzÞ. By means of the detected amplitudes ½A x ðzÞ; A y ðzÞ and corresponding phase differences Δφ, the Stokes vector elements I, Q, U, and V calculated for each depth pixel can be determined by Eq. (3). This forms the basis for the calculation of the DOPU defined by Eq. (4), 13, 14 where the normalized Stokes vector components are averaged within a sliding twodimensional evaluation kernel for DOPU calculation. For the measurement results in Sec. 3, a kernel size of 6 × 6 is used for DOPU imaging.
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Since a tissue layer can be simplified as a retarder plate of arbitrary thickness, retardation, and optic axis orientation, the theoretically expected PS OCT measurement values of δðzÞ and θðzÞ can be calculated for every possible retardation (in the range of ½0; 2π) and optic axis orientation (in the interval of ½0; π) of the sample as shown in Figs. 2(a) and 2(b). For this purpose, we assumed perfect PBSs as well as quarterwave plates and simulated polarization-sensitive interference measurements based on the beam paths shown in Fig. 1 and by utilizing the Jones calculus (in correspondence to de Boer et al. 16 ). The arbitrary retardation and optic axis orientation are thereby theoretically embodied by a variable retarder with specific optic axis orientation (representative for a birefringent tissue layer) that is passed forward and backward by a sample beam reflected below. Finally, the determined amplitudes and phase information for both channels were converted into optical parameters, according to Eq. (2).
For a defined fast axis orientation of the homogeneously birefringent sample, the measured cumulative retardation δðzÞ and optic axis orientation θðzÞ can be read as a function of the retardation of the sample, corresponding to a vertical line in the simulation maps, which is helpful for the analysis of the polarization contrast images of birefringent biological tissue. As shown in Fig. 2(b) , the measured retardation is unambiguous for values less than π∕2 and the measured optic axis orientation shows a π∕2-jump at multiples of π∕2 of the retardation of (12) the sample. To visualize the measured optic axis orientation for a constant retardation without any color jump, the transition from red to blue was adjusted with violet.
Dental and Mucosal Background for PS OCT
Since PS OCT will be used in this study for imaging the polarization properties of oral tissues, the polarization changing oral hard and soft structures are briefly described in this section. Starting with hard oral tissue, teeth can be considered as composites of enamel and dentin. Enamel as the hardest substance in the human body is highly mineralized. The inorganic content consists of dense packages of millions of elongated hydroxyapatite (HAP) crystals forming the enamel prisms. 47 The subsequent dentin equals a bonelike structure composed of different volume fractions of ceramics (HAP), protein (mostly collagen), and water. The mineralized collagen fibrils are an essential element of the regularly aligned micrometer-sized dentin tubules. 48 The boundary between the enamel and dentin is the so-called dentin-enamel junction (DEJ). Tooth structures relevant for PS OCT are primarily the HAP crystals in combination with the linear arrangement to enamel prisms causing birefringence. 26, 27 Since the amount of HAP is smaller in the intertubular dentin, the birefringence effect in dentin is expected to be less developed than in enamel.
In soft oral tissue, linear ordered collagen fibers in the lamina propria are showing birefringence in contrast to the adjacent basement membrane, epithelium, and keratin layer 29 with no polarization changing content. Collagen fibrils are organized to fibril bundles, arranged in collagen fibers of different thicknesses, and embedded in the connective tissue of the reticular layer of the lamina propria. While the collagen fiber bundles of the lining oral mucosa are linearly aligned, the bundles in the dentogingival unit of the gingiva run in various directions. Regarding specialized oral mucosa, e.g., the dorsum of the tongue, collagen fibers can be found within the connective tissue core of each papilla and in the transition part between papillae as well as beneath in the laminar propria 49 and may cause birefringence.
For the pilot study, we have imaged representative dental and mucosal structures of the anterior oral cavity of two volunteers (A: male 30 years, B: female 33 years) in vivo. Prior to the PS OCT measurements, oral examination was performed by an experienced dentist in order to select specific regions accessible for in vivo dental imaging and to diagnose pathological alterations. Photographic overviews of the oral cavity were made for the allocation of the imaged regions (cp. Fig. 3 ). Besides the imaging of healthy lingual, labial, and gingival oral mucosa as well as inconspicuous tooth structures, a composite restoration at incisor 11 and a mineralization defect at premolar 24 of volunteer A as well as the cervical area of premolar 24 of volunteer B are imaged by PS OCT. All measurements were performed in contact mode by an attached distance piece in order to reduce motion artifacts.
Results
PS OCT Imaging of Healthy Human Incisor
In Vivo
The imaging of the polarization contrast parameter retardation δðzÞ, optic axis orientation θðzÞ, and DOPU [cp. Eqs. (2)- (4) have concluded that the reason for the polarization behavior of dental structures imaged by PS OCT with circularly polarized light is caused by different polarization mechanics. 45 While birefringence is mainly reasonable for enamel, it is stated in Ref. 45 that multiple scattering rather than birefringence could be primarily causal for the transfer of light field energy from the co-to the crosspolarization channel for dentin (referred to as polarization memory effect in Ref. 45) . Combining the backscattering signals to the common reflectivity information [cp. Fig. 4(c) ], the sample structure can be shown free from birefringence artifacts such as periodic birefringence bands within the enamel. Clearly, a weak boundary within the enamel can be identified, which is probably assigned to different enamel types delimited by varying orientation of enamel prisms. Apparently, (12) the reflectivity below the DEJ in dentin is initially low and increases at larger depth, which could correspond to the transition zone of mantle dentin and circumpulpal dentin differing in the amount, size, and configuration of collagen fibrils. 50 The horizontal stationary stripes appearing in different depths within the cross sectional images are probably caused by highfrequency signal components of the balanced detectors, which are mirrored into lower imaging frequencies and visible due to an imprecise background correction. Furthermore, the ratio between axial and lateral pixel sizes is not corrected for the optimal presentation of depth information and the axial depth is consistently adjusted on the refractive index of enamel in the 1300 nm wavelength range of 1.631. 51 The image parts of Figs. 4(d)-4(f) present the PS OCT images of the retardation δðzÞ, optic axis orientation θðzÞ, and DOPU of the labial surface of the healthy incisor 21 with marked DEJ (black/white dashed line). A threshold value at a total reflectivity of 21 dB was chosen for eliminating background noise by a gray mask. Because the measurement of the retardation and optic axis orientation is cumulative over depth, the retardation is initially close to zero at the outer enamel surface (OES) and increases as a function of the light path in the birefringent enamel for which reason the retardation appears as a colored banded structure over depth [cp. Fig. 4(d) ]. As the labial surface of tooth 21 was measured close to the incisal edge, the incident light beam is oblique or rather perpendicular to the longitudinal axis of the enamel prisms in the outer enamel region resulting in a strong birefringence effect as shown in Fig. 4(d) . Toward the DEJ, δðzÞ varies in the lateral direction and shows an increased noise, which could be caused by structural characteristics at this border, e.g., enamel tufts and spindles. Regarding the polarization effect below the DEJ, a strong retardation δðzÞ, visible as abrupt color change to red and back, could be measured apparently caused by a birefringent structure within the dentin. The noisy retardation below probably appears due to the combination of multiple scattering. 45 Considering the optic axis orientation, two main regions within the enamel become apparent, around θðzÞ ¼ 0 (upper region of E) and θðzÞ ¼ π∕2 (lower region of E). Since the measurement of the optic axis orientation is cumulative, a phase jump from zero (white color) to π∕2 (violet color) appears for the measured θðzÞ at a sample axis orientation of zero and a retardation of π∕2 [cp. Fig. 2(b) ], whereas the main orientation of the enamel prisms is retained. This effect is caused by the measurement method itself resulting in a cumulative measured axis orientation, sometimes referred to as artifact. Regarding the region below the DEJ, the measured θðzÞ of the circumpulpal dentin is zero too, corresponding to a phase jump from θðzÞ ¼ π∕2 (violet color) to θðzÞ ¼ 0 (white color) due to the cumulative measurement of θðzÞ. The calculated DOPU image in Fig. 4(f) confirms the interpretation of Figs. 4(d) and 4(e). Again, this is caused by the cumulatively measured retardation and axis orientation of OCT.
PS OCT Imaging of Dental Alterations In Vivo
Since PS OCT provides additional contrast for dental OCT imaging, conspicuous tooth structures within the anterior oral cavity are investigated. First, the labial surface of the central incisors of volunteer A was selected for imaging the differences in depth structure between tooth 11 with a composite restoration and the healthy tooth 21 [cp. Fig. 3(a) ]. The reflectivity images calculated on the basis of Eq. (2) are presented for three representative B-scans of the detected volume scan in Figs. 5(a), 5(d), and 5(g). There, the composite restoration at tooth 11 characterized by a homogeneous backscattering signal can be clearly differentiated from the subjacent tooth structure. Interestingly, the underlying enamel structure contains a distinct crack [plus sign in Figs. 5(a), 5(d), and 5(g)], which is probably caused from dental trauma and continuously detected through the entire volume scan. Moreover, small cracks [green arrow in Fig. 5(d) ] and interfacial gaps [green arrow in Fig. 5(g) ] are visible at the edge Fig. 4 Single OCT B-scans of (a) the copolarization and (b) crosspolarization channel as well as (c) the determined reflectivity image recorded of the OES, the enamel (E), DEJ, and dentin (D) of the healthy tooth 21 in vivo. The approximate location of the B-scans is related to the red dashed line in Fig. 3(a) . For polarization contrast imaging, (d) the phase retardation, (e) the optic axis orientation, and (f) the DOPU is calculated. The black/white dashed line in (d-f) marks the DEJ on the basis of the reflectivity image in (c). Scale bars correspond to 500 μm. The scale bar in depth direction is adjusted on the refractive index of enamel in the 1300 nm range of 1.631. These regions probably contain inhomogeneously distributed birefringent substances (arising from the enamel, e.g., HAP and/or the composite) resulting in a measurable depolarization of the backscattered light. Since structures beneath are imaged with depolarized light, the polarization contrast gets lost for deeper birefringent tissues. Besides the visible dental structures, imaging artifacts appear due to a coherence revival in the swept laser and internal reflections of the optical setup, which is especially discoverable on the upper right-hand side of the images. Second, a mineralization defect at the buccal side of tooth 24 of volunteer A is imaged [cp. Fig. 3(b) ]. Three B-scans of the volume scan are selected as example for near-surface Figs. 6(a)-6(c) . The signal below the mineralization defect is not corresponding to real tooth structure but rather caused by multiple scattered light having a longer light path for which reason an apparent backscattering signal with strong depolarization occurs in deeper regions. Interestingly, the deeper demineralization causes a less strong backscattering signal and a smaller amount of multiple scattering leading to a smaller DOPU as seen in Figs. 6(d)-6(f) . Nevertheless, DOPU provides a strong contrast for distinct mineralization defects.
Third, the cervical area of the buccal side of the premolar 24 of volunteer B is measured. As shown in Figs. 7(a)-7(c), exposed dentin, which was diagnosed by the dentist before Fig. 3(a) . Plus sign: continous distinct crack within the enamel. Asterisk and cross sign: small regions of depolarization within and below the composite. Scale bars correspond to 500 μm. (Copolarized, crosspolarized, and optic axis orientation images in the appendix Figs. 13 and 14) .
Journal of Biomedical Optics 121717-6 December 2017 • Vol. 22 (12) [cp. Fig. 3(c) ], is detected at the transition to the gingiva. A polarization effect can be measured from the deeper region of the exposed dentin [δðzÞ ∼ π∕2 in Fig. 7(b) ], which shows increased noise as validated by the DOPU cross section in Fig. 7 . While the contrast in the reflectivity image is low, the DOPU visualization shows increased contrast for depolarization within and underneath the defect. Interestingly, the mineralization defect presented in Fig. 7 could clinically be seen only when a dental microscope was used. Regarding the gingiva, the imaging depth is partly reduced possibly due to the increased keratinization caused by traumatic tooth brushing.
PS OCT of the Human Oral Mucosa In Vivo
For evaluating the contrast advantage of PS OCT for in vivo imaging of oral soft tissue, three different regions of the anterior oral cavity are chosen with respect to the three main types of oral mucosa. First, the cervical region of tooth 21 of volunteer A is imaged with focus on the transition to the gingiva as an example for masticatory oral mucosa. Representative PS OCT image series are shown in Fig. 8 showing the increasing amount of gingiva relative to the cervical area of tooth 21. There, PS OCT provides an additional contrast likely caused by the gingival collagen fibers ensuring the attachment of the junctional epithelium to the tooth. With regard to the retardation and optic axis orientation shown in Figs Regions with enhanced polarization contrast are suggested to be caused by, e.g., dentogingival and intercircular collagen fiber bundles (asterisk), alveologingival fibers (cross sign), and intergingival fibers (plus sign). The approximate location of the B-scans is related to the dark blue dashed line in Fig. 3(a) . Scale bars correspond to 500 μm. (Co-and crosspolarized images in the appendix Fig. 19 ).
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• Vol. 22 (12) and 9(d) mark gland duct orifices upon the mucous membrane showing a small reflex of the saliva at each orifice. Regarding the polarization contrast by means of retardation and optic axis orientation, a strong birefringence is detectable within the LP for the entire image width probably caused by the collagen fiber content. In addition, the excretory ducts are influencing the course of the collagen fiber bundles for which reason the retardation and optic axis orientation in the LP is different from Fig. 9 . Crosspolarization, retardation, and optic axis orientation images provide a significant contrast of the collagen fibers within the LP. Moreover, the circularly arranged fiber bundles arround the gland duct orifices can also be imaged with high contrast by the measured retardation and optic axis orientation [asterisks in (c, g) and (d, h)]. Scale bars correspond to 1 mm. (Copolarized, crosspolarized, and DOPU images in the appendix Fig. 21 ).
Journal of Biomedical Optics 121717-9 December 2017 • Vol. 22 (12) the surrounding tissue. Moreover, the glandular openings are surrounded by thin layers of connective tissue forming circular sheaths, which in turn are birefringent. There, the variable optic axis orientation of the birefringent fibers of the duct wall results in a measured lateral continuously running axis orientation with constant retardation [cross sign in Figs. 9(b), 9(c) and 9(e), 9(f)]. Furthermore, the rapid change of the measured optic axis orientation from θðzÞ ¼ π∕3 (red) to θðzÞ ¼ −π∕3 (blue) occurs for the cumulatively measured retardation of δðzÞ ¼ π∕2 and can be explained by means of Fig. 2(b) . En face images of the same data set (cp. Fig. 9 ) of the labial oral mucosa are generated and selected in different depths (about 380 and 680 μm beneath the surface) within the LP and shown in Fig. 10 [Figs. 10(a)-10(d) Fig. 10(d) represents the fast axis orientation. The contrast difference between the measured retardation and optic axis orientation in Figs. 10(g), 10 (h) and 10(k), 10(l) can be explained by means of the gradients of the color bars in the simulation in Fig. 2 . While the measured retardation already provides a strong contrast for the cumulatively measured sample retardation smaller than π∕2, the measured optic axis orientation changes abruptly at δðzÞ ¼ π∕2.
Third, the dorsal surface of the anterior outer third of the tongue body with distinctive specialized oral mucosa, containing mainly filiform papillae and occasionally distributed fungiform papillae, is imaged by PS OCT in volunteer A. Cross sectional reflectivity images in Figs. 11(a), 11(d) , and 11(g) show the specialized mucosa of the anterior dorsal surface with two types of lingual papillae. Fungiform papillae [asterisk in Figs. 11(a) and 11(g) ] are characterized by a thin nonkeratinized covering epithelium and a core of connective tissue, which both can be identified in Figs. 11(a) and 11(g) . In contrast, filiform papillae [cross sign in Fig. 11(a) ] are covered by a thick keratinized epithelium for which reason the imaging depth is decreased and therewith the papilla core and underlying structures are not detectable. Nevertheless, oral mucosa between the papillae permits a high imaging depth through the EP up to the LP. Considering the retardation and optic axis orientation images, a high polarization contrast in the regions between the papillae [plus signs in Figs. 11(b) , 11(e), 11(h) and 11(c), 11(f), 11(i)] as well as in the deep reticular layer of the LP becomes apparent [hashtag in Figs. 11(b) , 11(e), 11(h) and 11(c), 11(f), 11(i)]. For the transition regions, it is assumed that oriented collagen fiber bundles surrounding partly the Fig. 11 Cross sectional images of the dorsal surface of the anterior outer third of the tongue body of volunteer A. Asterisk: Fungiform papillae with thin stratified squamous epithelium and connective tissue forming the papilla core. Cross sign: Filiform papillae with cornified tips resulting in high backscattering and strongly decreased imaging depth. Hashtag: Birefringent behavior of collagen fibers within the reticular layer of the LP cause a change in retardation. Plus sign: Polarization contrast probably due to outer collagen fibers of the connective tissue core of the papilla, EP, epithelium; LP lamina propria. Scale bars correspond to 500 μm. (Copolarized, crosspolarized, and DOPU images in the appendix Fig. 22.) Journal of Biomedical Optics 121717-10 December 2017 • Vol. 22 (12) papilla core 49 cause the strong polarization contrast. Regarding the retardation within the core of the few fungiform papillae, no birefringent behavior is measured due to the randomly oriented collagen fibers of the connective tissue core.
Additionally, an en face projection of the determined reflectivity, retardation, and optic axis orientation in a specific depth of 520 μm is chosen and presented together with an enlarged view in Figs. 12(a)-12(c) and 12(d)-12(f) . A contrast enhancement by means of the retardation and optic axis orientation becomes visible for the collagen fibers of the connective tissue in the transition parts between papillae.
Discussion and Summary
In this study, PS OCT with single circular input state in combination with the evaluation of reflectivity, retardation, optic axis orientation, and DOPU was used for cross sectional and en face imaging of hard and soft tissues in the anterior oral cavity. To the best of our knowledge, the value of this research is the visualization of retardation, optic axis orientation, and DOPU as polarization parameters in PS OCT, already established in ophthalmology, dermatology, and cardiology, 9, 16 for the reliable interpretation of biological tissue with increased tissue-specific contrast in the human oral cavity in vivo.
Regarding the experimental results of oral hard tissues, circular polarized light incidence is advantageous in comparison to linear polarized incident light 19, 20, [33] [34] [35] [36] [37] [38] [39] since the fast or slow birefringent axis could coincide with the linear polarization undesirably resulting in the measurement of a strongly reduced or even no birefringence. 40 The additional information of retardation, optic axis orientation, and/or DOPU of the proposed method enables the precise local mapping of alterations to the surrounding inconspicuous birefringent tooth structures, which is highly recommended in future dental studies. In comparison to the reflectivity images, special characteristics within and underneath composite restorations are detectable making phase-sensitive PS OCT attractive for follow up monitoring of composite restorations and dental fillings. Furthermore and especially in comparison to the sole analysis of the images of the co-and crosspolarization channels, 34 peripheral regions of demineralization are more reliably determined by the combination of reflectivity and DOPU images, which should potentially be useful for routine monitoring in dentistry but also for basic research. Regarding the cervical region of teeth, the proposed imaging standard with PS OCT enables the imaging of the birefringent content of the gingiva, the structural characteristic of exposed birefringent dentin in the case of gingival recession as well as the validation of changes in mineralization of vulnerable enamel at exposed tooth necks. Moreover, the visualization of retardation, optic axis orientation, and DOPU in combination with the reflectivity imaging should be worthwhile to consider in ex vivo fundamental research and prospective clinical in vivo follow-up monitoring. Since most of the alterations of oral soft tissue are visually detected in dentistry, the application of PS OCT in this study was expanded to the oral mucosa. Also in this field of application, the proposed PS OCT offers a tissue-specific contrast for the linear aligned collagen fiber bundles in the reticular layer of the lamina propria in the case of lining oral mucosa but also for specific tissue regions with embedded collagen fibers in the case of the specialized oral mucosa, e.g., the dorsum of the tongue. With this background and the future extension to the entire oral cavity, the precise detection of structural changes within the birefringent region of the lamina propria is conceivable. 32, 52 Moreover, PS OCT probably has the potential to detect the borders of altered oral tissue more reliably due to the enhanced tissue contrast compared to neighboring unchanged tissues.
In summary, the utilization of the phase-sensitive detection of the backscattering signal in two orthogonal polarization channels and the determination of the parameters reflectivity, retardation, optic axis orientation, and depolarization is stateof-the-art in various biomedical applications of PS OCT and enables a detailed physical interpretation of the investigated biological tissue such as oral hard and soft tissues as presented in this research. The results of the pilot study show the potential of PS OCT, with single circular polarization input state and adapted data processing, for the in vivo imaging of oral tissues on the example of the anterior oral cavity. Because of the simultaneous information of morphology by the reflectivity and polarization properties by retardation, optic axis orientation and DOPU, PS OCT with phase-sensitive detection is highly Tobias Rosenauer is a dentist and a research associate of the University Clinic Carl Gustav Carus in Dresden. He graduated in 2016 and has since then worked for the Department of Operative Dentistry, TU Dresden. He is currently writing his doctoral thesis and his present research concerns cariological aspects as well as optical imaging.
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